Searching for New Physics in Future Neutrino Factory Experiments by Holeczek, J. et al.
ar
X
iv
:0
70
6.
14
42
v1
  [
he
p-
ph
]  
11
 Ju
n 2
00
7
Searhing for New Physis in Future Neutrino Fatory Experiments
J. Holezek, J. Kisiel, J. Syska, and M. Zraªek
∗
Institute of Physis, University of Silesia, ul. Uniwersyteka 4, 40-007 Katowie, Poland
(Dated: November 10, 2018)
An extension of the New Standard Model, by introduing a mixing of the low mass ative neu-
trinos with heavy ones, or by any model with lepton avor violation, is onsidered. This leads to
non-orthogonal neutrino prodution and detetion states and to modiations of neutrino osilla-
tions in both, vauum and matter. The possibility of the disovery of suh eets in urrent and
future neutrino osillation experiments is disussed. First order approximation formulas for the
avor transition probabilities in onstant density matter, for all experimentally available hannels,
are given. Numerial alulations of avor transition probabilities for two sets of New Physis pa-
rameters desribing a single eetive heavy neutrino state, both satisfying present experimental
onstraints, have been performed. Two energy ranges and several baselines, assuming both the
urrent (±2σ) and the expeted in future (±3%) errors of the neutrino osillation parameters are
onsidered, keeping their present entral values. It appears that the biggest potential of the disov-
ery of the possible presene of any New Physis is pronouned in osillation hannels in whih νe,
νe¯ are not involved at all, espeially for two baselines, L = 3000 km and L = 7500 km, whih for
other reasons are also alled magi for future NeutrinoFactory experiments.
PACS numbers: 13.15.+g, 14.60.Pq, 14.60.St
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tory
I. INTRODUCTION
For several years, neutrinos are onsidered to be mas-
sive partiles [1℄, and therefore the orthodox Standard
Model (SM) with massless neutrinos must be extended.
There exist two possibilities. Firstly, the extension of
the SM an appear only at a very high energy sale, the
GUT/Plank sale, and the non-zero neutrino masses are
just the visible indiation of suh high energy physis
in our low energy world. Suh senario is usually alled
the New Standard Model (νSM). Seondly, some New
Physis (NP) an already be present at the TeV sale,
that means at energies lose to our present-day experi-
mental failities. The seond of these possibilities is more
appealing from both, the experimental, and the theoret-
ial points of view. Suh a low energy NP an par-
tiipate in neutrino avor transitions, and so it ould
possibly be measured in future neutrino osillation ex-
periments. Then everything is in the hands of the pre-
ision of the planned experiments. The bounds on the
NP parameters, whih arise from todays experiments,
are too restritive to give any good hane to see any
eets in the present neutrino avor transition data, tak-
ing into aount the fat that the present preision in
determination of the neutrino osillation parameters (of
about 10% [2℄) eetively sreens o any possible pres-
ene of NP. However, the ombined expeted results from
future neutrino failities, like BetaBeam, Super Beam,
and NeutrinoFactory, should bring the neutrino osilla-
tion parameter errors down to about 13% [3℄ and there-
fore give a hane for a disovery of eets, whih possibly
∗
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ould not be explained by the present physis.
The potential of the NP disovery is onsidered in this
paper. There are many ways in whih NP an mod-
ify neutrino osillations. The non-standard eets an
diretly hange osillation probabilities (the so alled
damping signatures [4℄), or they an modify the osil-
lation amplitudes (by non-standard Hamiltonian eets
[5℄[18℄), where both, osillations in vauum, and in mat-
ter an be aeted. These possibilities have extensively
been examined in the existing literature. Thus, there are
models with sterile [5℄ or/and heavy [6℄ neutrinos, gen-
eral models with lepton avor violation (LFV) [7℄, non-
standard interations [8℄, avor hanging neutral urrents
[9℄, general fermion interations [10℄ and mass varying
neutrinos [11℄. Next, there are models with non-unitary
leptoni mixing [12℄, violation of the Lorentz symmetry
[13℄, violation of the priniple of General Relativity [14℄
and violation of the CPT symmetry [15℄. Finally, there
are models whih modify neutrino osillations, i.e. models
with neutrino wave paket deoherene [16℄, neutrinos'
deays [17℄ and neutrino quantum deoherene [18℄.
In this paper, we disuss one lass of NP only, whih
an be obtained by mixing of the low mass ative neu-
trinos with heavy ones [6℄, or by any model with LFV
[7℄, in both of whih neutrinos interat with matter par-
tiles by the left-handed (L-H) harge and neutral ur-
rents only. In suh models, the eetive mixing matrix
is non-unitary, resulting in non-orthogonal neutrino pro-
dution and detetion states. This non-orthogonality by
itself modies neutrino osillations in vauum. Apart
from this, the neutrino interations with matter partiles
are non-standard and so the osillation eets in mat-
ter are further modied as well. Both these eets are
here taken into aount. Additionally, in our numeri-
al alulations, we assume both ±3% and ±2σ errors
of today's νSM neutrino osillation parameters, keeping
2their present entral values (see Chapter III). The avor
transition probabilities were alulated for two energy
ranges and several baselines [19℄. Two of these baselines,
L = 3000 km and L = 7500 km, are alled magi for
future NeutrinoFactory experiments, as they are espe-
ially useful for CP violation disovery (L = 3000 km)
[20℄ or optimal for resolving the osillation parameters
degeneray problem (L = 7500 km). We have performed
our numerial alulations of avor osillation probabili-
ties for all available hannels for two sets of NP param-
eters whih desribe a single eetive heavy neutrino
state, both satisfying present experimental onstraints.
One of the easiest hannels, from the experimental point
of view [21℄, is the νµ → νe one, but it will be diult
to observe any NP there (as it will also be in all another
hannels in whih νe or νe¯ are involved). In two other
hannels, νµ → ντ and νµ → νµ (and in the orrespond-
ing antineutrino hannels), the eets of NP are seen with
the largest intensity, espeially for the magi baselines
mentioned above [22℄. In the next Chapter we investigate
how the NP modies νSM osillation transition prob-
abilities. We disuss all leading terms, whih give the
new non-orthogonal prodution and detetion states and
whih modify the neutrino oherent sattering on matter
partiles. We disuss also the reason why all hannels
with νµ or ντ as the initial and nal neutrinos (and the
orresponding antineutrino hannels), i.e. all hannels in
whih νe, νe¯ are not involved at all, are the most desired
ones. Then, in Chapter III, we present the results of our
numerial simulations. And nally, in Chapter IV, we
give our onlusions. In the Appendix A we ollet all
formulas for the avor transition probabilities in onstant
density matter for all experimentally available hannels.
II. SEARCHING FOR NEW PHYSICS IN
NEUTRINO OSCILLATION EXPERIMENTS
If one takes into aount that only relativisti neutri-
nos are deteted (and that only vetor left-handed in-
terations are onsidered), the detetion rate Nβα of the
νβ neutrinos, oming from the produed να neutrinos,
fatorizes into three parts, the prodution ux Nα, the
transition probability Pα→β , and the detetion ross se-
tion σβ :
Nβα = Nα Pα→β σβ . (1)
Any physis beyond the νSM will modify all of these
three parts (or even the above fatorization will be made
impossible). In this paper, we only disuss the modi-
ations of the probability of neutrino avor transition
from a prodution state | νP 〉 to a detetion state |νD〉,
leaving the modiations of the prodution and detetion
neutrino ross setions for future detailed onsiderations.
In the frame of the νSM , the prodution or detetion
neutrino states are equal to the appropriate orthonor-
mal neutrino avor states |να〉. The NP modies this
dependene and therefore the |νP,D〉 states are only ap-
proximately equal to the |να〉 states. Let us assume that
the neutrinos are produed in the following proess:
ℓ+X → ν + Y , (2)
where ℓ is a harged lepton (ℓ = e, µ, τ) and X ,Y are
hadrons. Then the normalized neutrino prodution state
|νP 〉 an be dened as:
|νP 〉 =
∑n
i=1A(ℓ +X → νi + Y ) |νi〉√∑n
i=1 |A(ℓ +X → νi + Y )|2
, (3)
where A(ℓ+X → νi+Y ) is the amplitude for the proess
Eq.(2), in whih the neutrino eigenmass state |νi〉 is pro-
dued. The sum in Eq.(3) goes over all neutrinos with
masses mi whih are kinematially allowed. If partile
spins were taken into aount, instead of pure states of
Eq.(3), we would have to use mixed states desribed by
an appropriate density matrix.
Let us onsider a NP model, in whih besides three
light νSM neutrinos there are also heavier ones, whih
ouple to the light harged leptons in a non-negligible way
[6℄. To be more preise, we assume the harge urrent
Lagrangian in the following form (n > 3):
LCC = e
2
√
2 sin θW
∑
α=e,µ,τ
n∑
i=1
(4)
ψα γ
µ (1− γ5) (Uν )αi νiW−µ + h.c. ,
and similarly the neutral urrent Lagrangian in the fol-
lowing form:
LNC = e
2 sin(2θW )
∑
i,j
νi γ
µ (1− γ5)Ωij νj Zµ , (5)
where
Ωij =
∑
α=e,µ,τ
(Uν)
∗
αi (Uν)αj . (6)
The n × n matrix Uν denes the mixing between the
avor and mass states. So, e.g. assuming three light and
three heavy neutrinos we have:

νe
νµ
ντ
Ne
Nµ
Nτ

 =
( Uαi VαI
V
′
ai U
′
aI
)


ν1
ν2
ν3
N1
N2
N3

 , (7)
where all submatries (U ,V ,V ′ and U ′) have dimensions
3 × 3. The three additional neutrino states, Ne,Nµ and
Nτ , do not ouple to harged leptons. For Majorana
neutrinos the submatries U and V , whih expliitly en-
ter the interation Lagrangian Eq.(4), depend on 3n− 6
moduli and 3n− 6 CP violating phases. For Dira neu-
trinos n− 1 phases an be eliminated, giving altogether
32n− 5 phases whih, in priniple, an enter the NP neu-
trino avor transition probabilities. If we assume that in
the proess given by Eq.(2) the energy onservation does
not allow to produe heavy neutrinos Ni then, aording
to Eq.(3), the neutrino prodution state (|νP 〉) is given
by:
|νP 〉 = 1√∑3
i=1 |Uℓ i|2
3∑
i=1
U∗ℓ i |νi〉 . (8)
Suh states are normalized but not orthogonal. As the
mixing of heavy neutrinos is small (|VαI |2 ≪ 1), the ma-
trix U is almost unitary. If we assume that a matrix U
desribes a unitary transition and is parameterized by
the standard 3 mixing angles θ12, θ13, θ23 and 1 standard
Dira CP breaking phase δ13, then the orthonormal neu-
trino avor state |να〉 is the following ombination of neu-
trino mass states |νi〉
|να〉 =
3∑
i=1
U∗αi |νi〉 . (9)
The U matrix an be parameterized by a matrix Λ lose
to the unit matrix 1:
U = ΛU with Λ = 1− δΛ , (10)
and therefore the prodution state |νP 〉 in Eq.(3) is lose
to the eigenavor state |να〉 and an also be deomposed
in the orthonormal avor basis:
|νP 〉 ≡ |ν˜ℓ〉 =
∑
α=e,µ,τ
d∗ℓα |να〉 , (11)
where the dℓα parameters are equal to:
dℓα =
Λℓα√∑3
i=1 |Uℓ i|2
. (12)
In general ase, the values of parameters (1 − Λ)ℓα =
(δΛ)ℓα ≡ δλℓα depend on the prodution (detetion) pro-
ess [7, 23℄, and are bounded by the existing harged lep-
ton data. The same parametrization as in Eq.(11) was
onsidered in [7℄, where the general lepton avor violation
NP model is disussed. In eah row of the dℓα matrix,
pratially only one element has a non-negligible value,
namely:
|dℓℓ| ≤ 1 , and |dℓα| ≈ 0 for α 6= ℓ . (13)
In general however, the 3×3 matrix δΛ an have all non-
vanishing elements. Therefore, 9 moduli and 9 phases
an generally parameterize any kind of NP. Not all phases
play role in the transition probabilities. Five Majorana
type phases do not enter any transition probability for-
mula, hene only 4 phases remain.
In the model onsidered here, the elements of the δΛ
matrix are onneted with the heavy neutrino mixing ma-
trix V . From the unitary ondition for the fullUν matrix
we get the following relation between Λ and V matries:
ΛΛ† = 1− V V † , (14)
so, negleting the δΛ δΛ† term, we have:
δΛ + δΛ† = V V † , (15)
or expliitly:
δλαβ + δλ
∗
βα = cαβ , where cαβ = (V V
†)αβ . (16)
Note that, these are not expliit formulas for individual
δλαβ elements. However, terms in form of the left hand
sides of Eqs.(15),(16) may often entirely desribe the NP
eets for modied matter osillations (see Eqs.(18),(39)
below). If we need the knowledge of individual δλαβ el-
ements, for example in order to alulate the new pro-
dution and detetion neutrino state modiations, then
they need to be alulated from Eq.(10) (see Eq.(22) be-
low and the Appendix A).
Up to now we have only onsidered the modiations
of the initial and nal neutrino states in the probabil-
ity formula. Suh modiations will hange the neu-
trino propagation even in vauum. Yet, if neutrinos pass
matter additional eets arise. The oherent neutrino
sattering on matter partiles is modied by NP and
beause of this: (i) neutrinos aquire dierent eetive
masses and (ii) their oherent sattering amplitude is
modied. These eets an be parameterized by a NP
eetive Hamiltonian H
NP
(see [24℄, [25℄). The matrix
representation of H
NP
operator depends on the basis of
states. Generally, in the basis of states of produed and
deteted neutrinos, the H
NP
operator is not represented
by a hermitian matrix. However, it is represented by a
hermitian matrix in the eigenmass basis (|νi〉) and in any
basis whih is unitary transformed, e.g. in the basis of
eigenavor orthonormal neutrino states given by Eq.(9).
Therefore, in the orthonormal avor basis (|να〉), we an
write:
H
NP =
Ae
2Eν

 εee εeµeiχeµ εeτeiχeτεeµe−iχeµ εµµ εµτeiχµτ
εeτe
−iχeτ εµτe
−iχµτ εττ

 ,
(17)
where Ae = 2
√
2GFNeEν is the usual neutrino eetive
amplitude, whih depends on the eletron matter den-
sity Ne, and εαβ and χαβ are NP parameters, moduli
and phases, whih desribe the eetive NP neutrino in-
teration with matter partiles e, p and n. In the general
ase these parameters depend in a ompliated way on
the NP and matter properties. For unharged, unpolar-
ized and isotropi matter, parameters ε are onneted
with c parameters in a simple way (see Eq.(19) below).
For example, in the frame of the model whih we onsider
(Eqs.(4),(5), see also [6℄), the eetive NP Hamiltonian
given by Eq.(17) an be determined and, negleting se-
ond order terms in δΛ, is equal to:
H
NP =
1
2Eν
(−Ae[E(1)δΛ + δΛ†E(1)] (18)
+An[δΛ + δΛ
†]) ,
where An =
√
2GFNnEν depends on the neutron mat-
ter density Nn (in the Earth matter An/Ae ≈ 1/2) and
4E(1)αβ = δαeδβe. Now, by omparing equations Eq.(17)
and Eq.(18), we an nd the following onnetion be-
tween their parameters (β ≥ α, χαα ≡ 0, it may often
be the ase that δλeµ = δλeτ = 0, and then cαβ entirely
desribe the NP eets for modied matter osillations,
ompare Eq.(39) below):
εαβe
iχαβ = (
An
Ae
− δαeδβe) cαβ − δαe(1− δβe) δλeβ . (19)
For high energy neutrino beams with Eν ≈ O(GeV ),
the following two small parameters, whih desribe νSM
neutrino osillations, are important (for lower energies,
Eν ≈ O(MeV ), a third small fator, Ae/δm231, would
enter into the game, too):
α =
δm221
δm231
≈ ±0.03 and sin2(2θ13) ≤ 0.05 . (20)
Also all cαβ and εαβ parameters, whih desribe NP,
are small. Therefore, we an expand neutrino osillation
probabilities in these small quantities, keeping only the
leading rst order terms. In this approximation, the full
transition probability, for any avor and the baseline L,
an be deomposed into two terms, the νSM probability,
and the orretion to it given by NP:
PP (α)→D(β)(L) = P
SM
α→β(L) + δP
NP
α→β(L) . (21)
The NP orretion probability we deompose again into
two terms, the c term whih is responsible for the initial
and nal neutrino state modiations (see Appendix A)
and the ε term whih takes into aount the NP inuene
on the oherent neutrino sattering in matter:
δPNPα→β(L) = δP
c
α→β(L) + δP
ε
α→β(L) . (22)
The ε term onsists of two terms also. The rst
one, whih is responsible for an eetive neutrino mass
hange, and the seond one, whih desribes the addi-
tional NP impat on oherent neutrino sattering with
matter partiles:
δP εα→β(L) = δP
mass
α→β (L) + δP
int
α→β(L) . (23)
Generally, the prodution and detetion states are not
orthogonal:
〈νP (α)|νD(β)〉 6= δαβ , (24)
and as a onsequene the probability of neutrino osilla-
tion is not onserved:∑
all β
PP (α)→P (β) 6= 1 . (25)
However, the neutrino osillation probability of the νSM
is normalized to one:∑
all β
PSMα→β = 1 , (26)
whereas the other terms satisfy:∑
allβ
δP cα→β 6= 0 ,
(27)∑
allβ
δPmassα→β = 0 ,
∑
all β
δP intα→β = 0 .
In the next Chapter neutrino propagation in the Earth
matter will be disussed. In our numerial alula-
tions of neutrino avor transitions we use the realisti
PREM I [26℄ Earth density prole model. However, ex-
pliit analytial formulas for the avor transition proba-
bilities an only be given for the ase of onstant density
matter. Both NP orretions, whih are important for
neutrino transitions in matter, the δP intβ→γ(L) and the
δPmassβ→γ (L), are small, therefore their linear deomposi-
tion in terms of α and sin(2θ13) is a very good approx-
imation (in all formulas, we assume δm221 = δm
2
sol, and
δm231 = ±δm2atm + δm2sol/2, where the upper/lower sign
refers to the normal/inverted mass hierarhy [27℄):
δP intβ→γ = B
0
βγ + αB
α
βγ + sin(2θ13)B
s
βγ , (28)
and similarly
δPmassβ→γ = C
0
βγ + αC
α
βγ + sin(2θ13)C
s
βγ . (29)
The largest terms whih are not suppressed neither by
α nor by sin(2θ13), namely the terms B
0
βγ and C
0
βγ , do
not appear in any νe nor νe¯ related hannels. Suh terms
are only present in νµ → ντ , νµ → νµ, and ντ → ντ os-
illation hannels (and in the orresponding antineutrino
osillation hannels). For all suh hannels they are, up
to the sign, the same and have the following form:
B0 = Âe sin(4θ23){sin(2θ23) (εµµ − εττ) (30)
+2 cos(2θ23) cos(χµτ ) εµτ} sin2(∆) ,
and
C0 = Âe∆ sin
2(2θ23){− cos(2θ23) (εµµ − εττ) (31)
+2 sin(2θ23) cos(χµτ ) εµτ} sin(2∆) ,
where
Âe ≡ Ae
δm231
and ∆ =
δm231L
2Eν
. (32)
For the νµ → ντ and νµ → νµ transitions, we obtain:
B0µτ = −B0µµ = B0 and C0µτ = −C0µµ = C0 . (33)
Unfortunately, these hannels, wherein we an expet the
largest NP eets, are not easily ahieved experimentally.
To see the NP eets in hannels where they are sup-
pressed, in the next Chapter, we disuss one of the easiest
experimental hannels, the νµ → νe one. All non-leading
terms in Eq.(28) and Eq.(29), together with all terms for
5antineutrino and time reversal hannels, are given in the
Appendix A.
In the model whih we disuss, the c parameters are
onstrained from the existing experimental data (see
[6℄,[28℄):
cee ≤ 0.0054 , cµµ ≤ 0.0096 , cττ ≤ 0.016 ,
|ceµ| = |cµe| ≤ 0.0001 , |ceτ | = |cτe| ≤ 0.009 , (34)
|cµτ | = |cτµ| ≤ 0.012 .
There are no onstraints on the phases. The ε parame-
ters for the neutrino propagation in matter (Eq.(17)) are
determined from relations given by Eq.(19).
These are also the onnements whih we use in the
next Chapter, where we present some results of our nu-
merial alulations of the dierenes of the transition
probabilities between CP-onjugate hannels:
∆PCPα→β(L) = Pα→β(L) − Pα→β(L) . (35)
III. NEW PHYSICS IN FUTURE NEUTRINO
OSCILLATION EXPERIMENTS
In order to hek the eets of the NP desribed above,
the probability dierenes ∆PCPα→β (Eq.(35)) for two en-
ergy ranges and several baselines, have been alulated.
Both, the energy ranges and the baselines have been ho-
sen in prospet of the existing, planned, and feasible ex-
periments. In view of BetaBeam and Super Beam ex-
periments, the rst energy range is Eν = 0.1 ÷ 5GeV
and the onsidered baselines are L = 130 , 295 , 810 km
([29℄). In view of NeutrinoFactory experiments, the
seond energy range is Eν = 1 ÷ 50GeV and the on-
sidered baselines are L = 732 , 3000 , 7500 km ([30℄). In
our numerial alulations of neutrino avor transitions,
we use the realisti PREM I [26℄ Earth density prole
model, whih assesses the atual matter density ρ and
the atual eletron fration Ye, along the neutrino ight
path in the Earth's interior. Then:
Ae [eV
2] = 7.63× 10−5 [ ρ
g/cm3
] [
Ye
0.5
] [
Eν
GeV
] ,
(36)
An [eV
2] = 7.63× 10−5 [ ρ
g/cm3
] [1− Ye] [ Eν
GeV
] .
Note here that, for L . 874 km neutrinos pass only the
rst shell of the Earth's rust, with a onstant density
ρ = 2.6 g/cm3 and Ye = 0.494, thus Ae[eV
2] = 1.96 ×
10−4[Eν/GeV ] and An[eV
2] = 1.0× 10−4[Eν/GeV ].
The νSM osillation parameters, together with their
±2σ errors (95% C.L., orrelations among parameters are
urrently onsidered small), are taken from the urrent
global best t values [27℄:
sin2(θ13) = 0.9
+2.3
−0.9 × 10−2 ,
δm2sol = 7.92 (1± 0.09)× 10−5 [eV 2] ,
sin2(θ12) = 0.314 (1
+0.18
−0.15) , (37)
δm2atm = 2.4 (1
+0.21
−0.26)× 10−3 [eV 2] ,
sin2(θ23) = 0.44 (1
+0.41
−0.22) .
In order to implement the eets of heavy neutrinos,
as disussed in the previous Chapter, the matrix V must
be introdued. As the number of heavy non-deoupling
neutrinos is unknown, we parametrize it in a simplied
way, using a single eetive heavy neutrino state. In
this way, the number of independent quantities parame-
terizing the matrix Uℓ i in Eq.(8) are 6 moduli and 3 CP
phases: 3 standard mixing angles (θ12, θ13, θ23) + 1 stan-
dard Dira phase (δ13) + 3 new small NP mixing angles
(θ14, θ24, θ34) + 2 new NP Dira phases (δ24, δ34). Then
V =

 sin(θ14)cos(θ14) sin(θ24) e−iδ24
cos(θ14) cos(θ24) sin(θ34) e
−iδ34

 , (38)
and
δΛ =

 1− cos(θ14) 0 0sin(θ14) sin(θ24) e−iδ24 1− cos(θ24) 0
sin(θ14) cos(θ24) sin(θ34) e
−iδ34 sin(θ24) sin(θ34) e
−i(δ34−δ24) 1− cos(θ34)

 . (39)
Two sets of V parameters, both satisfying present ex-
perimental onstraints given by Eq.(34) are disussed be-
low:
(A) :

 0.0010.1 e−iδ24
0.1 e−iδ34

 , (B) :

 0.010.01 e−iδ24
0.1 e−iδ34

 . (40)
6All alulations have been performed assuming the di-
ret mass sheme only. As nothing is known about values
of CP phases, we allow them to vary freely.
For both V sets, we notie that, the biggest poten-
tial of the disovery of the possible presene of any NP is
pronouned in osillation hannels in whih νe, νe¯ are not
involved at all, that is in νµ → ντ and νµ → νµ (inlud-
ing the orresponding antineutrino hannels). The eets
are espeially visible for two baselines, L = 3000 km and
L = 7500 km, whih, for other reasons, are also onsid-
ered magi for future NeutrinoFactory experiments.
Moreover, omparing numerial results for these two sets
of V parameters, we an learly see that, as in Eq.(40.B)
the magnitude of the middle row is 10 times smaller than
the orresponding magnitude in Eq.(40.A), the NP eets
for the seond V set Eq.(40.B) are smaller by a similar
fator (ompare Eq.(41) below), too.
In order to nd how the unertainty of the estima-
tion of the νSM osillation parameters an mimi any
possible NP eets, we have also performed alulations
allowing all νSM osillation parameters to vary by ±3%
and ±2σ (note here that, the ±2σ test is also useful in
qualitative estimation of the eet of the unertainties in
the Earth density prole on the νSM results). We have
found that in general, in order to give a hane for a dis-
overy of NP eets, it is required that νSM neutrino
osillation parameter errors should be diminished to the
values expeted in the future (of about ±3%). However,
using neutrinos with energies Eν & 15GeV , together
with the magi baselines mentioned above, it should
even be possible to see NP eets with today's νSM neu-
trino osillation parameter unertainties (of about ±2σ).
But, this hane depends on the atual magnitudes of
the NP parameters and the atual preision of the ex-
periment (whih may, of ourse, be required to be muh
better than the allowed νSM neutrino osillation param-
eter errors).
In Fig.1, the probability dierenes ∆PCPµ→τ , for the
seond energy range, and the orresponding baselines set,
are shown. The NP eets at L = 732 km, when saled by
a fator L/Eν , an be used as an approximate estimation
of the expeted results for the rst energy range with its
onsidered baselines (for whih we do not show pitures
in this paper).
In the left and middle olumns of Fig.2, the probabil-
ity dierenes ∆PCPµ→µ for the seond energy range and
the two magi NeutrinoFactory baselines, are shown.
For this osillation hannel, the NP eet at L = 732 km
is signiantly smaller than in the νµ → ντ hannel at
the same distane. This is also the ase for this osilla-
tion hannel in the rst energy range with its onsidered
baselines. Hene for this reason, we do not show the
orresponding pitures in this paper either.
Note that, in general, the transition probabilities of
both, neutrino and antineutrino, osillations depend on
matter properties in a dierent way. However, at higher
energies the νSM dependene is very muh similar, thus
any possible unertainties in the Earth density prole
anel in the νSM probability dierenes (see the upper
row of graphs, in both gures, for Eν & 15GeV ). In this
way, any signal that the probability dierenes in this en-
ergy range are distintly dierent from zero will indiate
that some NP exists. The statistial signiane of suh
signal depends on its atual magnitude. For example,
for the rst V set Eq.(40.A), and L = 7500 km, there
exists a maximum at Eν ≈ 30GeV , in whih ∆PCPµ→τ ≈
−∆PCPµ→µ ≈ ±0.06, while Pµ→τ ≈ Pµ→µ ≈ 0.5, and thus
∆PCP /P ≈ ±0.12 (see the middle row of graphs in both
gures). The neutrino energy dependent magnitude of
this eet an well be reprodued just by the largest
term in the δPmassβ→γ NP orretion (responsible for the
eetive neutrino mass hange, see Eq.(29)), whih is not
suppressed neither by α nor by sin(2θ13). Taking into a-
ount the fat that Pα→β(δij , Âe) = Pα→β(−δij , −Âe),
one an write (see Eq.(31)):
∆PCPµ→τ ≈ −∆PCPµ→µ ≈ 2C0 (41)
≈ 4 Âe sin3(2θ23)∆ sin(2∆) cos(χµτ ) εµτ .
It should be noted, however, that the above formula does
not reprodue the ∆PCPµ→τ well, in ase one of the NP fea-
sible CP phases (χµτ = δ34−δ24) is equal to π/2 (see the
dotted and dashed urves in Fig.1). The reason is that
in the above estimation we ompletely neglet several
expliit CP asymmetry braing terms, for example pro-
portional to sin(χαβ), whih are relevant in the ∆P
CP
µ→τ
ase, but whih never appear in the ase of ∆PCPµ→µ (see
the Appendix A, note also that, these asymmetry terms
beome dominant at short baselines, and that is why the
NP eet at L = 732 km is signiantly smaller in the
νµ → νµ hannel than in the νµ → ντ hannel at the
same distane). From the above formula we an easily
learn that, the magnitude of this NP eet is linearly pro-
portional to both, the atual matter density through the
term Âe, and to the εµτ NP parameter (thus, as the value
of the εµτ parameter that results from the Eq.(40.B) is
10 times smaller than the one from the Eq.(40.A), the
NP eet for the seond V set Eq.(40.B) is smaller by a
similar fator, too).
As already mentioned, one of the easiest hannels, from
the experimental point of view, is the νµ → νe one, but it
will be diult to observe any NP there (as will be in all
hannels in whih νe or νe¯ are involved). In the right ol-
umn of Fig.2, the probability dierenes ∆PCPµ→e for the
seond energy range and the longest onsidered baseline,
are shown (where the biggest eets are expeted). It an
be seen that the NP eet is rather miserable in this osil-
lation hannel, regardless of the V set given by Eq.(40).
This onlusion holds also for all another similar osil-
lation hannels and both energy ranges with the orre-
sponding baselines. Moreover, these osillation hannels
are sensitive to the (not so very well known) value of
the sin2(θ13). In the other hannels, without νe and νe¯,
the dependene on the sin2(θ13) is small, giving a better
hane to see the NP eets.
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Figure 1: (Color online) The probability dierenes ∆PCPµ→τ for three baselines L = 732 , 3000 , 7500 km (eah olumn of graphs
orresponds to a single L), for the energy range Eν = 1 ÷ 50GeV . Calulations assuming the νSM only are presented in
the upper row of graphs, whereas results with NP are shown in the middle and bottom rows, exept for the hashed band,
idential in all rows, whih orresponds to the urrent global best t parameters with any feasible δ13 value and νSM only
(no NP). The dark (light) gray band in the upper row orresponds to ±3% (±2σ) deviations of the νSM neutrino osillation
parameters with any feasible δ13 value. The light gray band in the middle (bottom) row orresponds to the urrent global
best t parameters with NP V parameters set Eq.(40.A) (Eq.(40.B)), with any feasible values of δ13, δ24, δ34. Curves present
in all graphs orrespond to the urrent global best t parameters with all feasible CP phases equal to 0 (solid urves) and with
exatly one of them equal to pi/2 (dotted and dashed urves).
8] GeV [νE1 10
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
] GeV [νE1 10
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
] GeV [νE1 10
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
] GeV [νE1 10
-0.2
-0.15
-0.1
-0.05
-0
0.05
0.1
0.15
0.2
] GeV [νE1 10
-0.2
-0.15
-0.1
-0.05
-0
0.05
0.1
0.15
0.2
] GeV [νE1 10
-0.2
-0.15
-0.1
-0.05
-0
0.05
0.1
0.15
0.2
] GeV [νE1 10
-0.2
-0.15
-0.1
-0.05
-0
0.05
0.1
0.15
0.2
] GeV [νE1 10
-0.2
-0.15
-0.1
-0.05
-0
0.05
0.1
0.15
0.2
] GeV [νE1 10
-0.2
-0.15
-0.1
-0.05
-0
0.05
0.1
0.15
0.2
  ( 3000 km )µ → µ CP P∆   ( 7500 km )µ → µ CP P∆   ( 7500 km ) e→ µ CP P∆
 (upper row only)13δ parameter deviation, any σ2±
 (upper row only)13δ3% parameter deviation, any ±
 set (the same in all rows)V , without any 13δany 
 (middle and bottom rows)34δ , 24δ , 13δany 
all feasible CP phases equal to 0 (all rows)
/2 (all rows)pi = 13δonly 
/2 (middle and bottom rows)pi = 24δonly 
/2 (middle and bottom rows)pi = 34δonly 
Figure 2: (Color online) The probability dierenes ∆PCPµ→µ for two baselines L = 3000 , 7500 km (the left and middle olumns
of graphs), and ∆PCPµ→e for L = 7500 km (the right olumn of graphs) for the energy range Eν = 1 ÷ 50GeV . Calulations
assuming the νSM only are presented in the upper row of graphs, whereas results with NP are shown in the middle and
bottom rows, exept for the hashed band, idential in all rows, whih orresponds to the urrent global best t parameters
with any feasible δ13 value and νSM only (no NP). The dark (light) gray band in the upper row orresponds to ±3% (±2σ)
deviations of the νSM neutrino osillation parameters with any feasible δ13 value. The light gray band in the middle (bottom)
row orresponds to the urrent global best t parameters with NP V parameters set Eq.(40.A) (Eq.(40.B)), with any feasible
values of δ13, δ24, δ34. Curves present in all graphs orrespond to the urrent global best t parameters with all feasible CP
phases equal to 0 (solid urves) and with exatly one of them equal to pi/2 (dotted and dashed urves).
9IV. CONCLUSIONS
In the paper, by introduing a mixing of the low mass
ative neutrinos with heavy ones, we have investigated
a possible New Physis (NP) senario whih is already
present at the TeV sale, that means, at energies lose
to our present-day experimental failities. In the pre-
sented model (as also in any model with lepton avor
violation), the eetive mixing matrix is non-unitary, re-
sulting in non-orthogonal neutrino prodution and de-
tetion states. This leads to the modiation of the neu-
trino osillations in vauum. Additionally, non-standard
neutrino interations with matter partiles inuene os-
illation eets also. First order approximation formu-
las for the avor transition probabilities, in onstant
density matter, for all experimentally available han-
nels, have been given. The possibilities of experimen-
tal veriation of suh model preditions have been dis-
ussed in prospet of the existing, planned, and feasible
BetaBeam, SuperBeam, and NeutrinoFactory exper-
iments. Numerial alulations of avor transition prob-
abilities for two sets (satisfying present experimental on-
straints) of NP parameters whih desribe a single ee-
tive heavy neutrino state have been performed. They
took into aount two energy ranges and several base-
lines, assuming both the urrent (±2σ) and the expeted
in future (±3%) errors of today's νSM neutrino osilla-
tion parameters, keeping unhanged their present entral
values. The realisti PREM I Earth density prole model
has been applied. One of the easiest hannels, from the
experimental point of view, is the νµ → νe one, but it
will be diult to observe any NP there (as it will be
also in all hannels in whih νe or νe¯ are involved). It
appears that the biggest potential of the disovery of any
possible presene of the NP is pronouned in osillation
hannels in whih νe, νe¯ are not involved at all, that
is in νµ → ντ and νµ → νµ (and in the orresponding
antineutrino hannels). The eets are espeially visible
for the two so alled magi NeutrinoFactory baselines,
L = 3000 km and L = 7500 km. We have also found that
in general, in order to give a hane for a disovery of
the NP eets, it is required that νSM neutrino osilla-
tion parameter errors should be diminished to the values
expeted in the future (of about ±3%). However, us-
ing neutrinos with energies Eν & 15GeV together with
the magi baselines mentioned above, it should even
be possible with today's νSM neutrino osillation pa-
rameter unertainties (of about ±2σ). But, this hane
depends on the atual magnitudes of the NP parameters
and the atual preision of the experiment (whih may,
of ourse, be required to be muh better than the allowed
νSM neutrino osillation parameter errors).
Finally, it should be stressed that the full quantitative
treatment of the NP eets in future failities should be
based on realisti observables related, for example, to the
expeted numbers of events at the orresponding faili-
ties. However, as stated in the beginning of the Chap-
ter II, this would require not only the knowledge of the
NP generated transition probability modiations, but
also the NP generated modiations of the prodution
and detetion neutrino ross setions need to be known.
Some preliminary studies (see [6℄) suggest that the ex-
peted eets on the last two terms an be of the same
order as these on the rst term (shown in this paper).
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Appendix A: FIRST ORDER APPROXIMATIONS FOR FLAVOR TRANSITION PROBABILITIES
Herein, we ollet all formulas for the avor transition probabilities, in onstant density matter, for all experimentally
available neutrino and antineutrino hannels. As already mentioned, in all formulas, we assume δm221 = δm
2
sol, and
δm231 = ±δm2atm + δm2sol/2, where the upper (lower) sign refers to the normal (inverted) mass hierarhy [27℄.
Firstly, we show formulas required in order to alulate the c term in Eq.(22), whih is responsible for the initial
and nal neutrino state modiations (see also [25℄):
δP cα→β(L) = (cαα + cββ)P
SM
α→β(L)− 2Re (cαβ) (A1)
− 4
∑
i>k
Re [(δT˜ c)ikαβ ] sin
2(
∆˜ik
2
)− 2
∑
i>k
Im [(δT˜ c)ikαβ ] sin(∆˜ik) ,
where
(δT˜ c)ikαβ = −
∑
γ
(δλαγ U˜γi U˜βk + δλβγ U˜αi U˜γk) U˜
∗
αk U˜
∗
βi (A2)
−
∑
γ
(δλ∗αγ U˜
∗
γk U˜
∗
βi + δλ
∗
βγ U˜
∗
αk U˜
∗
γi) U˜αi U˜βk ,
10
and
∆˜ik =
δm˜2ij L
2Eν
. (A3)
Here, U˜αi and δm˜
2
ij are, respetively, the eetive mixing matrix elements and the eetive mass square dierenes,
oming from the diagonalization of the νSM Hamiltonian in matter (without any NP, see, for example, [31℄), and
δλαβ an be alulated by putting δΛ = 1− U U † (ompare Eq.(10)).
Seondly, as desribed in Chapter II, not all available hannels were disussed in this paper. We were only interested
in νµ → νe, νµ → ντ and νµ → νµ hannels, inluding the orresponding antineutrino transitions. In this Appendix,
however, we ollet all required equations.
In any ase, the total transition probability is deomposed into several terms aording to
Eqs.(21),(22),(23),(28),(29). In general, the mass term δPmassβ→γ (Eqs.(23),(29)) does not vanish only for han-
nels in whih νe, νe¯ do not enter. This term is also, up to the sign, the same for all suh hannels. Let us
put:
Cα = ∆ sin(2∆) sin(2θ12) sin
2(2θ23) [cos(θ23) cos(χeµ) εeµ − cos(χeτ ) sin(θ23) εeτ ] , (A4)
Cs =
Âe
1− Âe
{
∆ sin(2∆) sin2(2θ23) [cos(δ13 + χeµ) sin(θ23) εeµ + cos(θ23) cos(δ13 + χeτ ) εeτ ]
}
. (A5)
For the νµ → νe transition, we obtain:
δPmassµ→e = 0 , B
0
µe = 0 , (A6)
and two non-vanishing terms have the following form:
Bαµe =
1
(Âe − 1)Â2e
cos(θ23) sin(2θ12)
{
εeτ cos(θ23) sin(θ23)
[
cos(χeτ )[Âe cos(2∆) (A7)
−Âe cos(2(Âe − 1)∆)− 2(Âe − 2) sin2(Âe∆)] + sin(χeτ )Âe[sin(2∆)
− sin(2(1− Âe)∆)− sin(2Âe∆)]
]
+εeµ
[
2 cos(χeµ) sin(Âe∆)[2(Âe − 1) cos2(θ23) sin(Âe∆) + Âe(sin((Âe − 2)∆)
+ sin(Âe∆)) sin
2(θ23)] + sin(χeµ)Âe sin
2(θ23)[sin(2∆)− sin(2(1− Âe)∆)
− sin(2Âe∆)]
]}
,
Bsµe =
1
(Âe − 1)Â2e
sin(θ23)
{
εeτ sin(θ23) cos(θ23)
[
cos(δ13 + χeτ )[1 + Âe (A8)
−(Âe − 1) cos(2∆)− cos(2(Âe − 1)∆)− (1− Âe) cos(2Âe∆)]
+ sin(δ13 + χeτ )(Âe − 1)[sin(2∆)− sin(2(1− Âe)∆)− sin(2Âe∆)]
]
+εeµ
[
cos(δ13 + χeµ)[(Âe − 1) cos2(θ23)(cos(2∆)− cos(2(Âe − 1)∆)
+2 sin2(Âe∆)) + 4Âe sin
2((Âe − 1)∆) sin2(θ23)]
+ sin(δ13 + χeµ)(Âe − 1) cos2(θ23)[sin(2(1− Âe)∆)− sin(2∆) + sin(2Âe∆)]
]}
.
For the νµ → ντ transition, all terms are dierent from zero. Aording to the previous disussion, the leading term
11
B0µτ = B
0
(see Eq.(33)) and the two non-leading terms are given by:
Bαµτ =
sin(2 θ23)
2
(
−1 + Âe
)
Âe
{
εeµ sin(2 θ12) sin(θ23)
[
cos(χeµ)
[[
cos(2 (−1 + Âe)∆) (A9)
− cos(2 Âe∆)
] (
1− Âe + cos(2 θ23)
)
+ 2 (2− Âe − 2 Â2e) cos2(θ23) sin2(∆)
+(4 Â2e − 2 Âe) sin2(θ23) sin2(∆)
]
− Âe sin(χeµ)
[
sin(2∆) + sin(2 (1− Âe)∆)
+ sin(2 Âe∆)
]]
+εeτ cos(θ23) sin(2 θ12)
[
cos(χeτ )
[[
cos(2 (−1 + Âe)∆)− cos(2 Âe∆)
]
(
−1 + Âe + cos(2 θ23)
)
+ 2 Âe cos
2(θ23) sin
2(∆)− 4 Â2e cos(2 θ23) sin2(∆)
+2 (Âe − 2) sin2(∆) sin2(θ23)
]
+ Âe sin(χeτ )
[
− sin(2∆) + sin(2 (1− Âe)∆)
+ sin(2 Âe∆)
]]
−4
(
−1 + Âe
)
Â2e cos
2(θ12) cos(2 θ23) (2∆ cos(∆)− sin(∆)) sin(∆)[
sin(2 θ23) (εµµ − εττ ) + 2 cos(2 θ23) cos(χµτ ) εµτ
]}
,
Bsµτ =
sin(2 θ23)
2
(
−1 + Âe
)2
{
εeµ cos(θ23)
[
2 cos(δ13 + χeµ) sin(∆) (A10)
[(
−Âe − (1− 4 Âe + 2 Â2e) cos(2 θ23)
)
sin(∆)−
(
Âe − cos(2 θ23)
)
sin(∆− 2 Âe∆)
]
+
(
−1 + Âe
)
sin(δ13 + χeµ)
[
sin(2∆)− sin(2 (1− Âe)∆)− sin(2 Âe∆)
]]
+εeτ sin(θ23)
[
2 cos(δ13 + χeτ ) sin(∆)
[(
−Âe + (1− 4 Âe + 2 Â2e) cos(2 θ23)
)
sin(∆)
−
(
Âe + cos(2 θ23)
)
sin(∆− 2 Âe∆)
]
−
(
−1 + Âe
)
sin(δ13 + χeτ )[
sin(2∆)− sin(2 (1− Âe)∆)− sin(2 Âe∆)
]]}
.
For the mass orretion terms, the rst one C0µτ is given by Eq.(33), and the two other universal terms are the
following:
Cαµτ = C
α , Csµτ = C
s . (A11)
Also for the νµ → νµ transition, all terms ontribute. The modulus of the rst interation orretion term is given by
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Eq.(33), whereas the two remaining terms are as follows:
Bαµµ =
2(
−1 + Âe
)
Âe
{
εeµ cos(χeµ) cos(θ23) sin(2 θ12)
[(
−1 + Âe
)
(A12)
cos(2 Âe∆) cos
4(θ23) + Âe sin
2(θ23)
(
−1 + cos(2 (−1 + Âe)∆) sin2(θ23)
−2 (−1 + Âe) sin2(∆) sin2(θ23)
)
+ cos2(θ23)
(
1− Âe
+(−1 + Âe) cos(2 (−1 + Âe)∆) sin2(θ23) + Âe cos(2 Âe∆) sin2(θ23)
−2 sin2(∆) sin2(θ23) + 2 Âe sin2(∆) sin2(θ23) + 2 Â2e sin2(∆) sin2(θ23)
)]
+
1
2
εeτ cos(χeτ ) cos(θ23) sin(2 θ12)[
2 cos(2 Âe∆) cos
3(θ23) sin(θ23) + 2 cos(2 (−1 + Âe)∆) cos(θ23) sin3(θ23)
+4 cos(θ23) sin
2(∆) sin3(θ23)− sin(2 θ23) + Â2e sin2(∆) sin(4 θ23)
]
+
(
−1 + Âe
)
Â2e cos
2(θ12) (2∆ cos(∆)− sin(∆)) sin(∆) sin(4 θ23)
[sin(2 θ23) (εµµ − εττ) + 2 cos(2 θ23) cos(χµτ ) εµτ ]
}
,
Bsµµ =
2(
−1 + Âe
)2
{
εeµ cos(δ13 + χeµ)
[
sin(θ23)
2
(
−1 + 2Âe − cos(2 θ23)
)
(A13)
(
−1 + cos(2 Âe∆) cos2(θ23) + cos(2 (−1 + Âe)∆) sin2(θ23)
)
+cos(θ23) sin
2(∆)
(
(−1 + Âe) Âe cos2(θ23)− (1 + (−3 + Âe) Âe) sin2(θ23)
)
sin(2 θ23)
]
+ εeτ cos(δ13 + χeτ ) sin(θ23)[
−2 cos3(θ23) sin2(Âe∆) sin(θ23)− 2 cos(θ23) sin2(∆− Âe∆) sin3(θ23)
+ sin2(∆)
(
(2− Âe) Âe cos(2 θ23) + sin2(θ23)
)
sin(2 θ23)
]}
.
The mass term for this hannel has the opposite sign, in omparison to the previously disussed transition νµ → ντ :
δPmassµ→µ = −δPmassµ→τ . (A14)
Finally, the νSM probabilities are as follows:
PSMµ→e =
α2
Â2e
(
cos2(θ23) sin
2(Âe∆) sin
2(2 θ12)
)
(A15)
+
sin2(2 θ13)(
−1 + Âe
)2 (sin2(∆− Âe∆) sin2(θ23))
− α sin(2 θ13)(
−1 + Âe
)
Âe
{
[cos(δ13) cos(∆) + sin(δ13) sin(∆)]
sin(Âe∆) sin(∆− Âe∆) sin(2 θ12) sin(2 θ23)
}
,
13
PSMµ→τ = sin
2(∆) sin2(2 θ23)− α∆ cos2(θ12) sin(2∆) sin2(2 θ23) (A16)
+
α2
4 Â2e
{
sin(∆) sin(∆− 2 Âe∆) sin2(2 θ12) sin2(2 θ23)
}
− sin
2(2 θ13)
4
(
−1 + Âe
)2
{
sin(∆)
[
2
(
Âe − 1
)
Âe∆ cos(∆)
+ sin(∆) + sin(∆− 2 Âe∆)
]
sin2(2 θ23)
}
+
α sin(2 θ13)
2
(
−1 + Âe
)
Âe
{
− cos(δ13)
[
cos(2 θ23) sin(∆)
((
−1 + 2 Â2e
)
sin(∆) + sin(∆− 2 Âe∆)
)
sin(2 θ12) sin(2 θ23)
]
−2 sin(δ13)
[
sin(∆) sin(Âe∆) sin(∆− Âe∆) sin(2 θ12) sin(2 θ23)
]}
,
PSMµ→µ = 1− sin2(∆) sin2(2 θ23) + α∆ cos2(θ12) sin(2∆) sin2(2 θ23) (A17)
+
sin2(2 θ13)
4
(
−1 + Âe
)2
{
−4 sin2(∆− Âe∆) sin4(θ23)
+
(
sin2(∆) +
(
−1 + Âe
)
Âe∆ sin(2∆)− sin2(Âe∆)
)
sin2(2 θ23)
}
− α
2
4 Â2e
sin2(2 θ12)
{
4 cos4(θ23) sin
2(Âe∆) + sin
2(∆− Âe∆) sin2(2 θ23)
}
+
α sin(2 θ13)(
−1 + Âe
)
Âe
cos(δ13) sin(2 θ12)
{
sin2(∆)
(
Â2e cos(2 θ23) + sin
2(θ23)
)
sin(2 θ23)
− sin(θ23)
(
2 cos3(θ23) sin
2(Âe∆) + sin
2(∆− Âe∆) sin(θ23) sin(2 θ23)
)}
.
The formulas for the time reversed hannels, νe → νµ and ντ → νµ, are obtained from the above formulas after the
replaements ∆ → −∆ and ∆˜ik → −∆˜ik. Finally, if no salar nor pseudosalar neutrino interations are onsidered
(like in the model whih we present here, see also [6℄), for antineutrinos the interation Hamiltonian H is replaed
by −H∗, thus the transitions formulas for hannels νµ¯ → νe¯ , νµ¯ → ντ¯ and νµ¯ → νµ¯ are easily obtained after the
replaements δ13 → −δ13, Âe → −Âe, and δλαβ → δλ∗αβ (hene also χαβ → −χαβ). This ompletes the set of νSM
transition probability formulas and the NP orretions to them, for all experimentally available hannels.
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